The respiration of bacteroids from root nodules of soybean (inoculated with Rhizobium japonicum strain CBlSO9) and cowpea (inoculated with Rhizobium sp. strain CB756) was studied at low concentrations of dissolved 0, in a stirred electrode chamber (range 0.1 to 10 ,uM-OJ and during deoxygenation of solutions containing oxyleghaemoglobin (range 0.003 to 0-3 PM-O,) or oxymyoglobin (0.1 to 10 pM-0,). The 0, affinity of terminal oxidase systems of these bacteria (measured as apparent Ks) depended on the range of concentration of free, dissolved 0, in which the measurements were made. This was due to the capacity of the oxidases to express increasing affinity as the 0, concentration declined below certain transition concentrations, thus tending to maintain the respiration rate. In the lowest concentration range (0-003 to 0.01 p M -0 , ) an oxidase of very high affinity for 0, (apparent Ks 0.005 ,UM) appeared to be under allosteric control. Three additional oxidases or oxidase affinity states could be recognized. In strain CB1809, the one with lowest affinity was insensitive to CO and less sensitive to N-phenylimidazole and azide, whilst the oxidases of higher affinity were very sensitive to these inhibitors. Terminal oxidase systems of the same strains from 0,-limited continuous cultures resembled those of bacteroids, when assayed in the same way.
Bacteria. Rhizobium japonicum strain CB1809 and the cowpea Rhizobium sp. strain CB756 were obtained from the CSIRO Canberra collection. Azospirillum brasilense strain Sp7 (Tarrand et al., 1978) was a gift from Dr Johanna Dobereiner, Azotobacter vinelandii strain AVO was a gift from Professor Y . T. Tchan and Klebsiella pneumoniae strain 50231 was a gift from Dr Christina Kennedy. The Rhizobium strains were maintained on yeast extract/mannitol agar, Azospirillum brasilense and K. pneumoniae on Difco nutrient agar and Azotobacter vinelandii on Burk's agar with glucose.
Continuous cultures. The apparatus was basically that described by Baker (1968) , as used previously (Bergersen et al., 1976; Bergersen & Turner, 1978) , but the Teflon coil was removed. It was equipped with automatic pH control for growth of K. pneumoniue. Dissolved 0, in the cultures was measured and controlled using an 0, electrode connected to an amplifier and feedback stirrer controller, as described previously (Bergersen & Turner, 1978) . The growth temperature was 28 "C for the Rhizobim strains and 30 "C for the other cultures. Rates of solution of 0, from the head-space air/N, mixtures were calculated from sulphite oxidation measurements (Schultz & Gaden, 1956 ) made over the range of stirrer speeds used.
The characteristics of the cultures used for these studies are summarized in Table 1 . A range of conditions are represented, embodying ranges of fluxes of 0, supply, dissolved 0, concentrations and nitrogenase activities. Whilst the 0, flux was largely determined by the stirring rates and head-space gas composition, steady-state dissolved 0, concentrations could be manipulated almost independently by varying the culture density through adjustment of the medium flow. Thus, with Azospirillum brasilense (Table 1 , conditions c and d) it was possible to treble the dissolved 0, concentration, with similar cell yields and 0, fluxes, by increasing the flow rate. The results have been assembled into the groups described in Table 1 , to allow comparisons to be made between diverse bacteria.
All activities are expressed in terms of dry weight of water-washed cells. For comparison with the work of others, the proteinvalues (% of drywt of water-washed cells), with bovine serum albumin as standard, were as follows [the letters refer to culture conditions (Table l) Terminal oxidases of N,-Jixing bacteria 237 9 Estimate only; the lowest limit for reliable measurement is 0.03 p~.
Culture media. The medium for R. japonicum strain CB1809 was 30 mM-potassium phosphate pH 6.5, containing glycerol (43 mM), sodium succinate (5 mM), sodium L-glutamate (3.7 mM), casein hydrolysate (0.08 g I-l) and, added after autoclaving, CaCl, (0.7 mM), MgCl, (0.14 mM) and trace elements (Bergersen et al., 1976) . For CB756, casein hydrolysate was omitted and glutamine (2 m) replaced glutamate as nitrogen source. Azospirillum brasilense was grown in the medium described by Okon et al. (1976) with 0.01 % (w/v) yeast extract and 5 g malic acid 1-1 as carbon and energy source. Azotobacter vinelandii was grown as described by Dalton & Postgate (1969) but with glucose instead of mannitol. Klebsiella aerogenes was grown in the medium described by Bergersen (1974). In a11 cases, starter cultures were grown in the same medium as used for continuous cultures.
Samples. Samples were withdrawn from continuous cultures through hypodermic needles, fitted to the sampling port, into sterilized, evacuated, rubber-capped bottles of about 30 ml capacity or into 200 ml capped flasks. Where necessary, cultures were concentrated by centrifugation under argon, resuspended in de-aerated buffer (25 niwpotassium phosphate pH 7.4, containing 2 mM-MgC1,) and kept under argon until used.
Nitrogenase activity. In experiments with bacteroids, nitrogenase activity was assayed by including acetylene (10 %, v/v) in the gas mixture used for equilibrating with reaction solutions: dissolved gas was recovered after terminating reactions and the ethylene produced was measured as described previously (Bergersen & Turner, 1975a , 1979 . With continuous cultures, assays of nitrogenase activity were used solely as a means of describing the N,-fixing properties of the cultures used. In all cases, shaken assays with a gas phase containing 10 % (v/v) acetylene were made in rubber-capped vials (13.65 ml) at 28 or 30 "C. Reduction of acetylene to ethylene was recorded by gas chromatography of samples (200 p1) taken periodically from the gas phase. Liquid and gas-phase compositions were selected to give optimum rates of nitrogenase activity for the most active cultures, and were then used for all comparisons. For the rhizobia, the vials contained 1-75 ml culture or cell suspension and 0-25 ml 2 mM-oxyleghaemoglobin (LbO,), with 0.5 % (v/v) 0, and argon to 1 atm. For less dense cultures, 0, was omitted from the gas phase. (Table 1) . 0 , 0.4 % o,, 0, 5 "/, 0,. Culture aggregation was recorded on the scale k , + , + + , + + + , from visual ratings. There was no visible clumping with 0.4 "/, 0 2 . Assay vials contained 1 ml culture (0.44 mg dry wt bacteria, with 5.98 mg residual glucose ml-l) and 1 ml MOPS buffer (pH 7.5, 25 mM) with 2 mM-MgCl,.
For AzospiriElum brasilense, the same assay gave the best results, although there was a lag of up to 10 min before maximum rates were reached when cultures growing with a dissolved 0, concentration of 11 /CM were used (condition d, Table 1 ). Substitution of OxYmYoglobin (MbO,) for LbO, decreased activities, and tests with no LbO, or MbO, and gas-phase 0 , between 0.5 and 5 % (v/v) gave erratic results.
(v/v) 0, above 2.0 ml culture in the vials. Neither LbO, nor MbO, had any effect at low cell densities but there was some advantage in including MbO, for assays of dense cultures. We preferred to dilute such cultures. There was no nitrogenase activity with 20 "/, (v/v) 0, and very little with 10 % (v/v) 0 2 in the gas phase. With cultures grown at low levels of dissolved 0, (conditions a and b, Table 1) assays were complicated by a lag (Fig. l) , the end of which coincided with the aggregation of the culture into small clumps. Aggregation did not occur at 0.4 a( , 0, but activities were lower. Cultures grown with higher concentrations of 0, (condition c, Table 1 ) did not show this effect. All nitrogenase activities quoted are the maximum rates attained using 5 % 0,.
For the facultative anaerobic N,-fixing organism K . pneumoniae, two assays were used concurrently. An anaerobic assay with 25 mM-glucose (Hill, 1976) , and an aerobic assay in which 1.75 ml culture was used with 0.25 m12 mM-LbO, and 1 % (v/v) 0, in the gas phase. The values shown in Table 1 are the results of the anaerobic assay for condition (a) and from the LbO, assays for all other culture conditions.
Estimation ofglucose. Residual glucose in culture supernatants was determined by the method of Somogyi (1945).
Oxyleghaemoglobin (LbO,) and oxymyoglobin (MbO,) . Oxyleghaemoglobin from soybean nodules, produced as above, and oxymyoglobin (sperm whale; Sigma) were prepared, their concentrations were measured from spectra of pyridine haemochromes, and they were stored in liquid nitrogen, as described previously (Bergersen & Turner, 1979) .
Measurements of 0, consumption and concentration. In some experiments, a stirred chamber with an 0, electrode (Rank Bros, Bottisham, Cambridge), was used with no gas phase, as described previously (Bergersen & Turner, 1975a) , but with a more stable amplifier of higher gain. Other experiments utilized rubber-capped optical cuvettes, completely filled with reaction solution and changes in the concentration of free, dissolved 0, were calculated from the rates of deoxygenation of LbO, or MbO, (80 to 100 ,UM) included in reaction mixtures, measured spectrophotometrically. Some experiments utilized reactions in 50 ml reservoir syringes connected, through a spectrophotometer flow cell and a peristaltic pump, to a sampling port so that progressive reduction of acetylene to ethylene could be used to estimate nitrogenase activity. One experiment used apparatus for sustained reactions. All experiments with leghaemoglobin and myoglobin used the apparatus, methods and calculations described by Bergersen & Turner (1979) . The reaction temperature was 30 "C for bacteroids, K . pneumoniae, Azotobacter vinelandii and Azospirillunt brasilense and 28 "C for the two species of Rhizobium. In all cases, reactions in solutions equilibrated with suitable gas mixtures at 30 "C, were initiated by injection of suspensions of bacteria. Reaction solutions contained substrate and inhibitors as indicated in the text and in the legends to figures and tables. The buffers were usually potassium phosphate (25 mM) or morpholinopropanesulphonic acid (MOPS)/KOH (25 mM) pH 7.4 With Azotobacter vinelandii, the highest rates were obtained with 5 Evaluation of data. The properties of the terminal oxidase systems of the bacteria studied were described in terms of their kinetics, using the expressjons, graphical presentations and notations of Segal (1975, chapters 2, 4 and 7). Rates of O2 consumption [v=nmol 0, min-l (mg dry wt)-'] were plotted as a function of the average concentration of free, dissolved 0, prevailing in the reactions during each interval of measurement ( s = , u M -~~) using log/log scales so that wide ranges of values could be presented. Plots of l / v versus 1/S (double reciprocal plots) were prepared and the slopes and intercepts of the lines were calculated, using groups of results for which linear correlation coefficients ( r ) were highly significant (P< 0.01). V,,, (=maximum velocity, substrate non-limiting) and the apparent dissociation constant for O2 binding by the oxidases (apparent K8) were then estimated. In cases where double reciprocal plots curved upwards, plots of l/v versus 1/S2 were invariably linear and the l / v = O intercept was calculated to give an estimate of K', where K'= K," (aTL -l, bn -,, c~-~, . . .zl) and a, b, c etc. are interaction factors. In cases where plots of log v versus log S were inflected, and double reciprocal plots gave a series of straight lines of different slopes, plots of v/S versus v (Hofstee plots) were prepared. From these, apparent K, and V,a, values were calculated. In Some experiments, plots of log [v/ ( V, , , - v)] versus log S (Hill plots) were used to determine napp (the apparent number of interacting binding sites per oxidase molecule) and [S],., (the O2 concentration giving half maximum velocity) as described by Segal(l975). Replicated and repeated estimates made in similar ranges of S were pooled and means and standard deviations are presented.
R E S U L T S

Rhizobium japonicum CB 1809 bacteroids 0, electrode studies
Initial experiments attempted to differentiate between efficient ATP production at very low concentrations of dissolved 0, and the apparently less efficient production of 4TP at 0, concentrations near 1 ,UM (Appleby et d., 1975; Bergersen & Turner, 1975 b) by examining interactions of respiratory rates, substrates and inhibitors at different concentrations of dissolved 0,. At the low concentrations of 0, used (initially 10 PM), all 0, was consumed within about 3 to 6 min, with only about 0.5 mg bacteroids present, and consequently the 0, concentration changed quickly. Nevertheless, consistent results were obtained when total reaction times were varied by using different bacteroid concentrations. Respiration was stimulated by the following substrates (10 mM), in order of effectiveness : succinate > fumarate > /3-hydroxybutyrate > gluconate > glucose > glucuronate. There was some interaction with 0, concentration, but near 0.1 pM-0, this may have been influenced by consumption of 0, in the unstirred layer near the electrode membrane (Lundsgaard et al., 1978) . The percentage inhibition by 20 ,m-cyanide did not change with 0, concentration, but with 1 mM-azide, CO ( Fig. 2a) and N-phenylimidazole ( Fig. 2b) , respiration was inhibited more below 5 ,uM-O, than at higher 0, concentrations. Respiration due to added succinate ( Fig. 2a) was insensitive to CO near 10 ,uM-02, whilst at 0.4 ,uM-0, it was inhibited completely. Endogenous respiration appeared to be less sensitive to CO over the range of 0, concentrations tested.
Experiments with oxyleghaemoglobin and oxymyoglobin
In this section, most experiments for the measurement of terminal oxidase affinity utilized assays in completely filled (4.5 ml), capped optical cuvettes. Bacteroid density was usually 0.5 to 2 mg per assay, adjusted to give total reaction times of 20 to 30 min. Each rate measurement was made during a 1 to 2 min interval, in which the change in 0, concentration was small (e.g. 0.005 , !AM min-l when leghaemoglobin was half oxygenated). Thus, more rate measurements, over smaller concentration intervals, gave greater precision than was achieved with the electrode measurements. Kinetics. Figure 3 illustrates results s f a typical experiment with oxyleghaemoglobin and oxymyoglobin as sources of 0,. The curves are clearly inflected at three points between 0.001 and 10 ~M -O , .
In the range 0.003 to 0.01 pM-O,, v versus S always appeared to be sigmoidal with 0, concentration when plotted on a linear scale and exogenous substrates were without effect (not shown). Figure 4 shows kinetic plots of a typical experiment (including the results of Fig. 3) . At low values of S (0.003 to 0.01 ~M -O , ) with oxyleghaemoglobin, double reciprocal plots curved upwards, but with increasing S (l/S decreasing), they became linear, allowing estimation of Vmnl and apparent K8, from the extrapolation of the line (Fig. 4a) experiments at higher concentrations of free 0, using oxymyoglobin yielded lines with three different slopes, whose calculated intercepts gave estimates of Vmax2,3,4 and apparent &2,3,4
( Fig. 4c) . When plotted as l / v versus 1/S2 (Segal, 1975) , data from the curved part of Fig. 4(a) yielded straight lines (inset, Fig. 4a ) whose intercepts at l / v = 0 gave estimates of K' which were similar to the apparent Ksl. The sharp changes of slope of double reciprocal plots corresponded with the inflections in log v versus log S plots (Fig. 3) . Hofstee plots of the same results (Fig. 4 b , d ) gave very similar estimates of apparent Ks and Vmax. Hill plots of the results at values of S below the first inflection of log/log plots ( Fig. 3) gave slopes indicating napp of 1.5 to 1.6 whilst the lines obtained at higher values of S gave values of 0-95 to 1.05 (Fig. 5) Resuits from experiments with oxyleghaemoglobin ( 0 ) and myoglobin (0). and myoglobin overlap. Nevertheless, the results agreed well and indicated that there were four distinct classes of apparent K, depending upon the range of S in which the measurements were made (Table 2) . Respiration with the lowest apparent affinity for 0, (class 4, Table 2 ) corresponds with the CO-insensitive and N-phenylimidazole-insensitive respiration seen in Fig. 2 . Inhibitor studies, Several cuvette experiments with various inhibitors were attempted. Close evaluation of the effects of N-phenylimidazole indicated that this inhibitor could not be used safely with leghaemoglobin at low levels of oxygenation. With only 1 mM-Nphenylimidazole, the spectrum of ferrous leghaemoglobin is distorted at wavelengths used to measure oxygenation (576 and 562 nm; Bergmen & Turner, 1979), rendering fractional oxygenation measurements uncertain at low values. N o such effect occurred with myoglobin and it was found that 0, uptake rates were inhibited below 1 ,UM free O,, but the values of apparent Ks for 0, were not affected greatly. There was little inhibition of respiration above 5 ,uM-O, (as found previously ; Bergersen & Turner, 1975 b) . Leghaemoglobin and myoglobin have a high affinity for CO which is therefore an inappropriate inhibitor for the experimental system used. Azide remained the only compatible inhibitor whose effect interacted with 0, concentration. The results of experiments which showed that azide-sensitive respiration reached a peak at 0.07 pM-0, are illustrated in Fig. 6 . Log/log plots of respiration with 1 mwazide were inflected, indicating a change in apparent affinity at the same values of S, but estimates of apparent Ks below the inflection were very similar to estimates above the inflection in plots with no inhibitor (Fig. 6) . Nitrogenase activity. During deoxygenation of leghaemoglobin, ATP concentration in soybean bacteroids and their nitrogenase activity are correlated (Appleby et al., 1975) . In the absence of other limitations upon nitrogenase activity, it is reasonable to use this activity to indicate the relative production of ATP by oxidative phosphorylation. Experiments included estimations of acetylene reduction in sampled reactions using the reservoir reaction chamber and during steady states in the sustained reaction apparatus (Bergersen & Turner, 1979) . Some preliminary results have been presented elsewhere (Bergersen, 1978) . Table 3 presents the pooled results from four experiments in which nitrogenase activity was measured at intervals during deoxygenation of leghaemoglobin. The concentration of free 0, and the 0, consumption rates shown are the averages for each period of measurement of nitrogenase activity. The results suggest that respiration may be most efficiently coupled to nitrogenase activity at concentrations of free 0, where the terminal oxidase system has its highest affinity for 0, (cf. Table 2 ). Exogenous succinate produced increased nitrogenase activity at 0, concentrations near and above those of the transition between the first and second affinity states of the terminal oxidase system, but the increase in respiration was comparatively greater (Table 3) . Azide (1 mM), which inhibited changes to increased affinity of the terminal oxidase system (Fig. 6) , also virtually abolished nitrogenase activity ( < 0.1 nmol min-l mg-l) at low concentrations of free 0,. These results and the levels of cellular (Bergersen & Turner, 1975 b) suggest that the greatest efficiency of ATP production is associated with the highest affinity for 0, of the terminal oxidase system. Confirmation of this must await the development of suitable techniques for the estimation of P/O and/or H+/O ratios at these low concentrations of 0,.
&WerOidS from co wpea nodules It was of interest to see if the complex, high-affinity terminal oxidase system found in CB1809 bacteroids occurred in bacteroids of other rhizobia, or in other N,-fixing bacteria. As a first step, we have extended the present study to bacteroids of cowpea nodules produced by strain CB756, a strain which can also be grown under controlled conditions in chemostat culture with high levels of nitrogenase activity (Bergersen & Turner, 1978) . Plots of log v veisus log S resembled those for CB1809 bacteroids and kinetic analysis of the results (as for Fig. 4 ) yielded similar plots. The collected results are presented in Table 4 . However, there were some differences from results with CB1809 bacteroids, where at least two 0, affinity classes (Table 2) were recognized in each experiment: classes 1 , 2 and, sometimes, 3 with oxyleghaemoglobin and classes 3, 4 and, sometimes, 2 with oxymyoglobin. With CB756, this was rarely so. Although all apparent Ks values clearly fell into one of the classes shown in Table 4 , in some experiments only one or two of them were observed in any one assay. The transition between affinity states 2 and 3 (Table 4 ) was observed only once. These results suggest that CB756 bacteroids may have a different complement of oxidases or that the affinity for 0, of the terminal oxidase system may be controlled by factors in addition to the concentration of free 0, to which the bacteroids are exposed.
Rhizobium spp. from continuous cultures
The studies reported here used R. jdponicum CB1809 and Rhizobium sp. CB756 which were also used for the bacteroid studies reported above. Rhizobium juponicum CB1809 in continuous culture produced no more than a trace of nitrogenase activity (Table 1) . Nevertheless, 0,-limited cultures (conditions a and b, Table 1 ) produced terminal oxidase systems resembling those of bacteroids of the same strains when assayed in the presence of oxyleghaemoglobin and oxymyoglobin. Plots of log v versus log S were inflected (Fig. 7) and kinetic analyses of the results indicated that oxidases with multiple affinities for 0, were present (Table 5) ; double reciprocal, Hofstee and Hill plots resembled those illustrated in Fig. 4 . Cultures grown with higher inputs of 0, were apparently combined-nitrogen-limited, had no detectable nitrogenase (Table 1 ) and the oxidase system of highest affinity was suppressed ( Fig. 7; Table 5 ). 0,-limited cultures of CB756 seemed less able than CB1809 to express their high affinity oxidase as the concentration of free 0, declined. This was particularly so in experiments with 10 mM-succinate present, when respiration over a wide range of concentrations of free 0, had an apparent Ks of about 0.011 ,UM.
Azotobucter vinelundii AVO from continuous cultures
Four N,-fixing steady states were studied (Table l) , over a fivefold range of 0, supply rates and a tenfold range of dissolved 0, concentration. Over this range of increased 0, 246 availability, the yield of organisms increased fivefold and the nitrogenase specific activity more than doubled. At dissolved 0, concentrations of 5 PM, it was difficult to attain a N2-fixing steady state and experiments were limited to the culture conditions listed in Table 1 . Effects of exogenous substrates were not examined, but all assays contained 10 mwglucose. Cuvette assays with oxyleghaemoglobin and oxymyoglobin were limited to an upper concentration of free 0, of 10 PM to avoid problems associated with aggregation which occurs when cultures grown at low concentrations of 0, are dispersed in solutions containing about 30 to 50 p M -0 2 (Fig. 1) . In seven experiments representing all these culture conditions, a terminal oxidase of moderate affinity for 0, (Table 6 ) was seen. Plots of respiration rate versus free 0, concentration followed a rectangular hyperbolic form, log/log plots were not inflected and double reciprocal plots were linear over the entire range studied (Fig. 8 d , b) . In addition to this terminal oxidase system, an oxidase system with an apparent Ks of 20 t o 50 ,UM was discerned in assays with oxymyoglobin (Table 6 ), using cultures grown at the two higher levels of 0, supply (conditions b and c, Table 1 ). This probably represents the ' protective' system described by Dalton & Postgate (1969) .
Azospirillum brusilense Sp7 from continuous cultures This organism grew well in N,-fixing continuous culture and a range of steady states (Table 1) were established with dissolved 0, concentrations from 0 to 11 PM. Above this value, N, fixation ceased and yields decreased until the culture washed out. The highest cell yield was attained with 0, solution rates controlled between 0.35 and 1-33 pmol 0, ml-l h-l but the highest nitrogenase activity was attained at a higher dissolved 0, concentration (3.9 ,uM), where the cell yield was much lower. Cuvette assays of 0, consumption with oxyleghaemoglobin were complicated by aggregation of these actively motile cells as tangled clumps. This was minimized by shaking the cuvettes at intervals of 2 to 3 min throughout the 30 to 40 min time courses of the reactions. In all N,-fixing cultures, a single type of terminal oxidase was present. Plots of log v versus log S were not inflected (Fig. 8 c) . Respiration rates below 0.01 5 ,UM free 0, were sigmoidal with concentration of 02, producing double reciprocal plots which were curved upwards (Fig. Sd) , whilst plots of l/v versus 1/S2 were linear (Fig. 8 d , inset) , giving values for K' close to the apparent Ks. At higher concentrations of O,, double reciprocal plots were linear, indicating a single oxidase with high affinity (apparent Ks 0.006 PM; Table 6 ). With oxymyoglobin as source of O,, respiration rates were apparently constant between 0.1 and 10 ,.UM free O,, except in one experiment, in which the culture was growing with 11 PM dissolved 0, (condition d, Table 1 ). Here the results obtained between 0.15 and 1.6 ,uM-O, indicated an additional oxidase with an apparent Ks of 0-5 ,UM. This may also be regarded as a protective oxidase.
Klebsiella pneumoniae 5023 I from continuous cultures
With this facultative anaerobe it was difficult to decide whether the culture at any stage was strictly anaerobic, since even when no 0, was supplied, a terminal oxidase with a high Vmax was present. Culture densities were greatest in anaerobic conditions and cell yields declined when 0, was supplied at very low rates. As the 0, supply was increased, cell yields and nitrogenase activities increased, but when the concentration of dissolved 0, in the culture was increased to levels which could be measured with the 0, electrode, both cell yields and nitrogenase activity declined ( Table 1) . In all of these culture conditions, respiration measured with oxyleghaemoglobin as source of 0, was sigmoidal with concentrations of free 0, below 0.01 ,UM and plots of l/v versus 1/S2 gave K' = 0-018 ,UM (Fig.  9b, inset) . An apparent Ks of 0.11 ,LAM was found between 0.01 and 0.5 to 0.8 ,UM free 0, 248 p Kinetics examined as described in the text. Terminal oxidases of N,-Jixing bacteria 249 ( Fig. 9; Table 6 ). When oxymyoglobin was used, the apparent Ks of the terminal oxidase was the same (Table 6 ). In cultures supplied with 0, at rates of 2 pmol ml -l h -1 or more (conditions d, e and f, Table l), a further increase in respiration rate above 5 , u M -~, , with apparent K, of about 25 pM ( Fig. 9a; Table 6 ), was seen in some assays using oxymyoglobin. Respiratory rates of K. pneumoniae were very high ( Fig. 9a) and did not respond to added glucose.
D I S C U S S I O N
The results presented are addressed towards a description of properties of terminal oxidase systems of the N,-fixing bacteria studied : we have not sought to relate our findings to the roles of the components of the respiratory chains of R. japonicum described by Appleby (1969b , c), Daniel & Appleby (1972 and Appleby (1977) or of Azotobdcter vinelandii or K . pneurnoniae (see review by Jones, 1977) .
The use of oxyleghaemoglobin and oxymyoglobin as sources of 0, for the respiration of bacteria and as indicators of free 0, concentration through measurement of their fractional oxygenation (Bergersen & Turner, 1979) has enabled us to compare the terminal oxidase systems of five N,-fixing bacteria, at concentrations of free 0, between 0.003 and 10 ,UM. The core of the observations is the presence of complex terminal oxidase systems in bacteroids from root nodules produced on soybeans and cowpeas by two strains of Rhizobium spp., and in the same strains grown in 0,-limited continuous cultures. Results for these systems yield curves with several inflections when 0, consumption rates are plotted against concentrations of free 02. In contrast, three other N,-fixing bacteria from three genera, when assayed in the same way, present simple curves with no inflections. These results have been submitted to analysis by simple techniques of enzyme kinetics as a means of discerning possible reasons for these differences. We do not attach great significance to the numerical values presented but believe that the form of the results reveals important properties. For example, an apparent KS of0.005 pM-0, indicates the presence of an oxidase of high affinity. Whilst an oxidase with an apparent Ks of 0.05 ~U M may not in reality have 1/10 of the affinity, it almost certainly will have a lower affinity.
Rhizobium japonicum CB1809 and Rhizobium sp. CB756. Results for CBl809 bacteroids could indicate the presence of four distinct oxidases. One of these can be distinguished by its insensitivity to inhibition by CO, decreased sensitivity to N-phenylimidazole and azide and by its relatively low affinity for 0, (Figs 2a, b , and 6; Table 2 ). It is probably responsible for the apparently low efficiency of ATP production found previously above 1 ,UM free 0, (Bergersen & Turner, 1975b) . Its activity at 0.1 p~ free 0, is probably negligible (Fig. 2a) . A corollary to this conclusion is that CO-sensitive respiration is progressively ' turned off' above 1 ~M -O~ ( Fig. 2a) , since at 10 pM no CO-sensitive respiration was detected. The inflections in log/log plots below 1 p~4 -O~ (Fig. 3) could be due to the competitive operation of three different simple oxidases with Vmaxr < Vmam < Vmaxs and Kml< Kma<Kma (cf. Segal, 1975, Fig. 11-22) . This could yield double reciprocal and Hofstee plots of the form encountered in the present studies (cf. Fig. 4 with Segal, 1975, Figs 11-23 to 11-26] . However, a multi-site oxidase with binding sites of different affinities for 02, or with negative cooperativity could also yield such plots. The results do not permit a clear distinction between these possibilities.
The oxidase system with highest affinity (class 1, Table 2 ) appears to be a multi-site enzyme with positive cooperativity since respiration below 0.01 pM-0, produces upwardly curved double reciprocal plots and linear plots of l/v versus 1/S2 (Fig. 4a) . Further, Hill plots of results in the range 0.003 to 0.02 indicated naPP = 1.5 to 1.6. Although there is some uncertainty in the measurement of fractional oxygenation of leghaemoglobin and consequently in the calculation of free 0, at these low values (cf . Bergersen & Turner, 1979 ) the values foi apparent K,, K' and Rapp were nevertheless in reasonable agreement in eight experiments.
F . J . B E R G E R S E N A N D G . L . T U R N E R
With the exceptions noted in Results, CB756 bacteroids were similar to CB 1809 bacteroids but values for apparent Ks tended to be lower. Values for Vmax were higher, but this was due to the fact that rates were based on cell dry weights and CB1809 bacteroids contained proportionally much less protein because of their high content of poly-P-hydroxybutyrate.
Results from the rhizobia from continuous cultures indicate that the very high affinity oxidase systems (apparent K, in the nanomolar 0, range) appear in response to 0, limitation.
Inflected curves of respiration of intact soybean nodules at various external partial pressures of 0, were reported previously (Bergersen, 1962~) . At the time, it was believed that this represented successive saturation of bacteroid and host tissue respiration. It now seems more likely that bacteroid respiration dominates nodule respiration and the results of the present work suggest that the inflection in nodule respiration which occurs with rising PO,, near 40 to 50% (v/v) 0, (Bergersen, 1962a) , may be due to a switch to lower affinity bacteroid oxidase systems. As mentioned earlier, the degree of oxygenation of leghaemoglobin in nodules in vivo indicates that, in air, the concentration of free 0, to which the bacteroids are exposed is of the order of 0.01 ,UM (Appleby, 1969a) . Increased ambient 0, concentrations of 40 to 50 yo and above produced discernible increases in leghaemoglobin oxygenation in intact nodule tissue (Bergersen, 1962 b) and diminished nitrogenase activity. These changes would be consistent with a shift of bacteroid respiration to less efficient oxidase systems of lower affinity for O,, as the free 0, concentration rose in the tissue.
The respiratory systems described in this paper are obviously well adapted for bacteria whose energy-producing pathways are aerobic, but whose nitrogenase activity and synthesis requires that 0, concentrations be very low. The capacity of the oxidases to function in steps of increasing affinity as the 0, concentration declines past certain transition concentrations tends to maintain respiration rates in the face of declining 0, supply.
In the studies described in the present paper, we have not measured ATP concentrations, but in all other respects the results are consistent with previous data (Appleby et a/., 1975; Bergersen & Turner, 1975~1, b ; Wittenberg et al., 1974) which suggest that respiration near 0.01 ,UM free 0, is more efficient than respiration near 1 ,UM flee 0, ( Table 3) . Laane et a/. (1 978) criticized our previous results (Bergersen & Turner, 1975 b) , considering that low ATP concentrations near 1 ,UM-0, were due to insufficient time being allowed to attain equilibrium levels of ATP. Whilst this may have been so in reactions with LbO,, which were terminated within 1 min of commencement, reactions with MbO, gave similar values for ATP concentrations in the bacteroids, although the concentrations of free 0, had been maintained in the range 1 to 2 ,UM for the preceding 2 min (Bergersen & Turner, 1975 b, Fig. 5 b) , a peiiod which was adequate for attainment of equilibrium concentrations of ATP in pea bacteroids (Laane et a/., 1978) . We therefore reject the criticism of Laane et a/. and conclude that there may be significant differences between oxidative phosphorylation systems in pea and soybean bacteroids.
Azotobacter vinelandii AVO. 0,-limi ted continuous cultures grown over a 20-fold range of concentration of dissolved 0, ( Table 1) produced cells with a single oxidase whose activity followed Michaelis-Menten kinetics over the range of 0, concentration of interest. This oxidase was of fairly low affinity in the present context, with an apparent K5 (=Km) of 0.5 ,UM (Table 6) .
Azospirillum brasilense Sp7. This organism grown in 0,-limited continuous culture over a wide range of concentration of dissolved 0, produced cells with the same terminal oxidase system. This was different from that of Azotobacter vinelandii in having a very high affinity for 0, (apparent Ks 0.006 p~; Table 6 ) and in being apparently a multi-site enzyme with positive cooperativity. The same qualifications apply to this conclusion as for the Rhizobium spp. described above.
KlebsielIa pneumoniae 5023 1. We had expected that the terminal oxidase system of K. pneumonide would resemble those described by Rice & Hempfling (1978) for Escherichia coli, in which an oxidase of high affinity (apparent Ks 0.02 !AM) and one of moderate affinity
Terminal oxidases of N,-Jixing bacteria 25 1 (apparent Ks 0.2 ,UM) were present in cultures grown at low rates of 0, supply, whilst only the one with moderate affinity was present at higher rates of O2 supply. However, in our experiments with K. pneumoniae in all culture states, there was a single oxidase in the range of 0, concentration which was of interest. This oxidase appeared to be a multi-site enzyme with positive coopeIativity. The range of 0, concentration on which this conclusion is based is high enough for confidence and the discrepancy between apparent Ks and K' (Fig. 9) is sufficient to indicate that double reciprocal plots are, indeed, curved over the entire range.
